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E-mail address: bhammond@uga.edu (B.R. HammoPurpose: Distant objects are often obscured as a result of wavelength-dependent scattering in the atmo-
sphere. This scattered light, which is mostly short-wave, effectively forms a veiling luminance (or back-
ground light) against which a target must be detected and discriminated. The macular pigment (MP)
carotenoids could reduce the effective background intensity by selectively ﬁltering out short wavelengths
which would increase the contrast of the object in the retinal image, thus improving visibility. This
Visibility hypothesis was originally posited by Wooten and Hammond (2002). This study represents a
ﬁrst empirical test of the hypothesis.
Methods: Five young healthy subjects were evaluated. MP optical density (OD) was measured using HFP.
Visibility was assessed by measuring contrast sensitivity thresholds at 8 cycles/deg (CST) using an optical
system that passed xenon-light through the sine-wave grating. Blue haze was simulated using an
ecologically valid broad-spectrum ﬁlter. Changes in MP density were simulated using a variable path
length ﬁlter with an oil-based carotenoid solution that mimicked the absolute absorption spectrum of
MP.
Results: The average baseline CST was 0.004. Adding 0.25 OD of simulated MP lowered the average
threshold to 0.003 (25%). An additional 0.25 OD decreased thresholds an additional 10% and the effect
reached a plateau at about 0.50.
Discussion: The largest improvement (about 25%) in contrast occurred with the initial, and relatively
modest, addition of 0.25 OD units of simulated MP suggesting that the largest improvements may be
linked to initial increases in MPOD.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Functional explanations for the selective presence of lutein (L)
and zeaxanthin (Z) within the visual system have taken three ma-
jor forms. The most widely studied is the idea that the pigments
protect ocular tissues (primarily the retina and lens) from age-re-
lated degeneration (the Protection Hypothesis; e.g., Hammond,
Wooten, & Snodderly, 1997; Sabour-Pickett et al., 2011). Another,
the Neural Efﬁciency Hypothesis (Renzi & Hammond, 2010a), at-
tempts to explain the ﬁnding that L and Z are found throughout
the retina and brain and have known, and salubrious, effects upon
neural function. The oldest functional hypothesis (Schultze, 1866)
was based on the fact that the pigments are concentrated most
highly in the inner layers of the macula and therefore form a yel-
low ﬁlter that selectively screens foveal cones from blurred
short-wave light (the Acuity Hypothesis, Engles, Hammond, &
Wooten, 2007; Wooten & Hammond, 2002). Since this original for-ll rights reserved.
nd Jr.).mulation, several other, purely optical hypotheses have been ad-
vanced (e.g., Nussbaum, Pruett, & Delori, 1981; Walls & Judd,
1933). For example, the glare hypothesis posits that the pigments
could reduce glare disability and discomfort, and speed photostress
recovery, by absorbing intraocular scattered light (e.g., Stringham
& Hammond, 2007, 2008). Contrast enhancement could result from
selective absorption of chromatic borders (e.g., Nussbaum, Pruett,
& Delori, 1981; Renzi & Hammond, 2010b). The only optical
hypothesis that has been advanced, but not empirically evaluated,
is the Visibility hypothesis developed and modeled by Wooten and
Hammond (2002). This hypothesis is based on the possibility that
MP may improve vision of distant objects by preferentially absorb-
ing blue haze (short-wave dominant air light that produces a veil-
ing luminance when viewing objects at a distance) and, thereby,
increasing both the contrast within targets and the contrast be-
tween targets and their backgrounds (see Fig. 1).
Light entering the eye from a natural scene has two compo-
nents: light reﬂected/emitted by the target being viewed and light
that is scattered into the eye from direct solar illumination, indi-
rect skylight, or ground reﬂectance. Collectively, this light is called
Fig. 1. An illustration of optical conditions when viewing objects at a distance. The
light illuminating a visual target is often red-shifted; light is scattered out of the
straight line of sight. The surround, subtending a different visual angle, is more
dominated by short-wave scattered light consistent with Rayleigh’s equation.
Hence, looking at an object in the distance deﬁnes it as a target but also deﬁnes the
optical angles and inﬂuences the relative spectral composition. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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marily composed of short-wavelengths (i.e., from Rayleigh scatter).
The visual system contains a number of corrective mechanisms
(e.g., color constancy) that operate to ensure that distant targets
do not always appear blue (these corrective mechanisms can be
bypassed if scenes are viewed through a small hole; so called aper-
ture vision). Nonetheless, the reduced contrast that results from
‘‘blue haze’’ has been repeatedly shown to be one of the primary
limiting factors in the visual performance of subjects (e.g., pilots;
O’Neal & Miller, 1987) with even exceptional standard acuity. In
this study, we tested this idea by looking for predicted co-variation
between levels of MP (manipulated by an artiﬁcial MP ﬁlter) and
measures of spatial vision.0.4
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2.1. Subjects
Five healthy subjects, two females and three males, were tested
(age range = 22–27 years). All visual measures were conducted on
the right eye only. Subjects were recruited from the graduate stu-
dent population at the University of Georgia (UGA). This study was
approved by UGA’s Institutional Review Board and the experimen-
tal procedures were conducted in accordance with the ethical prin-
ciples of the Declaration of Helsinki.400 450 500 550 600 650 700
0.2
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Fig. 2. The relative spectrum of our xenon light source as ﬁltered by the blue haze
ﬁlter (solid line) compared to the blue haze spectrum (Wooten & Hammond, 2002).
Our simulated haze closely matches blue haze measured directly.2.2. Measurement of contrast sensitivity under blue haze conditions
The apparatus used to measure contrast sensitivity consisted of
a two-channel optical system with a 1000-W xenon arc light
source. The radiance of the channels was independently controlled
by a series of reﬂection-type neutral density wedges and ﬁlters.The circular test stimulus consisted of an 8 cycles/deg sine-wave
transmission grating printed on 2  200 glass (Sine Patterns, Roches-
ter, NY). Subjects viewed the grating on a diffusing screen (using a
circular diffuser with a 25 angle; Applied Physics) that was backlit
by the xenon light source. A chromatic ﬁlter (Schott glass Filter
#BG34, UQG Optics Ltd., Barrington, NJ) was used, which in con-
junction with the spectral output of the xenon arc lamp very nearly
reproduced the blue haze spectrum of sky light. See Fig. 2. An elec-
tronic shutter (Uniblitz AOX5; Vincent Associates, Rochester, NY)
was used to provide test exposures of precisely 3 s. Opening of
the shutter was controlled by the experimenter. Care was taken
to maintain a consistent inter-stimulus interval. Light levels were
calibrated using a dedicated radiometer (United Detector Technol-
ogy, Hawthorne, CA).
Testing took place in two rooms separated by a door with a hole
cut through it (1.78 diameter). An electronic shutter covered the
hole and regulated the exposure time of the stimulus. When
opened, the shutter produced an audible ‘‘click,’’ which acted as a
cue to the subject to view the target. The shutter remained open
for 3 s. Subjects were seated with the room lights off for several
minutes before testing began to provide time to adapt to the
conditions.
A rectangular box (1900  2400) mounted on a small cart con-
tained an internal light source that was used to maintain each sub-
ject’s adaptive state. A head and chin rest assembly was mounted
to the front of the cart. Subjects were asked to view the grating
stimulus with their right eye only through an eye piece mounted
to the box with their chin placed in the chin rest. The far wall of
the box had an aperture (4 diameter), through which, subjects
viewed the gratings. Between judgments, subjects were asked to
ﬁxate a small cross located on the far inside wall 4 below the edge
of the aperture. The inside of the light box was painted ﬂat white.
The light source that was used consisted of a 2400 warm white ﬂuo-
rescent luminaire mounted to the inside base of the light box. This
source created an internal uniform lighting of 90 cd/m2.
Contrast sensitivity thresholds were obtained using a two-alter-
native forced choice procedure. At the start of testing, subjects
were shown a grating that was clearly visible and the nature of
the task was explained, i.e., identifying the orientation of the grat-
ing (e.g., tilted left or right 11.5). The grating was then reduced to
zero contrast and increased in small increments (average mini-
mum step size = 0.00015% contrast; typical step size = 0.001% con-
trast) until at least 90% of the presentations were correctly
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Fig. 4. Absolute spectrum of ﬁlter solution (pure Z plus transparent mineral oil)
compared to the ex vivo spectrum of lutein and zeaxanthin (from Hammond,
Wooten, and Smollon (2005)).
0.5
0.6
0.7
0.8
 b
as
el
in
e
60 B.R. Hammond Jr. et al. / Vision Research 63 (2012) 58–62identiﬁed (out of a set of 10 consecutive trials). This task was re-
peated at each setting of the variable path-length ﬁlter. A typical
session lasted about 2–3 h and consisted of 40–60 trials. Contrast
thresholds were taken as the 75% correct point of a psychometric
function.
2.3. Details of the variable path-length ﬁlter
The variable path-length ﬁlter is diagrammed in Fig. 3. The body
was made of 3.5 in. diameter Plexiglas tubing that is six inches in
length. Projecting into the large tube was a smaller aluminum tube
with a glass blank cemented to an end. This tube was rigidly con-
structed to a screw drive that moves the small tube toward the
large glass blank cemented to one end of the larger tube. The
closed larger tube contained the Z solution. This solution was cre-
ated by mixing puriﬁed zeaxanthin (generously provided by DSM
Nutritional Products, Inc.) with high-grade transparent mineral
oil. Pure Z was chosen because it provided an absolute spectrum
that, when combined with the solvent, yielded a spectrum that
was closest to MP absorbance (see Fig. 4). As the small glass blank
moves toward the larger glass blank, the solution is displaced.
Pressure is relieved by a neoprene bellows at the top of the large
tube. The space between the two glass surfaces can be varied from
1 to 25 mm. The concentration of Z was selected to yield an optical
density that could easily be varied over a relatively large range. The
solution was stored in a darkened cooler and the spectrum and
density values were periodically checked to ensure stability.
2.4. Measurement of macular pigment optical density
The apparatus and procedure used to measure MPOD has been
described previously. In brief, we used a macular densitometer
(Macular Metrics, Rehoboth, MA) which presents stimuli in free
view and utilizes heterochromatic ﬂicker photometry (HFP) (Woo-
ten et al., 1999). MPOD was measured at 458 nm with a 570 nm
reference ﬁeld using stimuli with a radius of 300 with a 7 eccentric
reference. The ﬂicker rate was optimized for each subject based on
the customized HFP technique described by Stringham et al.
(2008). With this procedure, CFF thresholds are measured and then
an algorithm is used that predicts a ﬂicker setting that provides an
optimal null zone for each MP measure (e.g., a lower ﬂicker rate is
required when measuring the parafoveal reference). Subjects ﬁx-
ated the 7 reference point when making their parafoveal settings.
Subtracting the foveal log radiance measures (where MP generally
is dense) from the parafoveal log radiance measures (where MP is
minimal) yields an optical density measure of MP. Subjects made
ﬁve null ﬂicker settings for each locus. Several validity and reliabil-
ity studies have been published on the HFP technique on young
and older subjects and on patients with early and relatively ad-
vanced AMD and cataracts. In general, these studies have shownFig. 3. Diagram of the variable path-length cell.that the method is highly reliable and yields results that are consis-
tent with the known ex vivo spectrum of L and Z (Ciulla et al.,
2001; Hammond, Wooten, & Smollon, 2005; Stringham et al.,
2008; Wooten & Hammond, 2005).3. Results
In order to test the Visibility hypothesis by adding artiﬁcial MP,
we ﬁrst tested whether our ﬁlter cell would add linearly to an indi-
vidual’s MP density. To test this, we measured MP density in a
Maxwellian view optical system (diagrammed in Wooten et al.
(1999)) while increasing ﬁlter path-length. As shown for one sub-
ject in Fig. 5, this resulted in proportional increases in MP density
(Y = 0.027 + 0.93X, r = 0.98, p < 0.0001).
We next measured contrast thresholds for each of the ﬁve sub-
jects while the ﬁlter cell was in place but the glass ﬂats were essen-
tially touching (zero OD) and at 0.25 OD increments. As shown in
Fig. 6, adding 0.25 of simulated MP lowered all ﬁve subjects con-
trast sensitivity threshold. The average improvement, as shown-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Fig. 5. MP density measured in one subject while adding increasing amounts of OD
from the variable pathlength ﬁlter (Y = 0.027 + 0.93X, r = 0.98, p < 0.0001). This
subject had a starting MPOD of 0.60 and the ﬁlter increased the effective OD to
about 1.3. The ﬁgure shows that the external ﬁlter combines additively with
internal MPOD.
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Fig. 6. Contrast thresholds (8 cycles/deg) for ﬁve subjects while adding ﬁlter OD.
The wide spread across subjects is based on the well-known inherent differences
between subjects in contrast sensitivity.
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Fig. 7. Average contrast thresholds (8 cycles/deg) for the ﬁve subjects while adding
ﬁlter OD.
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thresholds by an additional 10% with the average effect reaching a
plateau after that level. As shown in Fig. 6, one subject had thresh-
olds that actually worsened with increasing ﬁlter density and this
did not appear to be related to their original starting MP values. A
decreasing beneﬁt of MP on contrast sensitivity for some subjects
is probably due to the known effects of decreasing luminance on
acuity (e.g., Johnson & Casson, 1995).4. Discussion
Humans, like most animals, evolved with the need to see preda-
tors, prey, food, etc. from as far away as possible. Increases in acu-
ity and visual sensitivity is not sufﬁcient, however, to achieve this
outcome. Even if objects at a distance are clearer or brighter, they
may not be more discriminable. If, however, the eye is made more
sensitive to the optical contrast between an object and its back-
ground, such objects become visible at a greater range. Wooten
and Hammond (2002) argued that the natural short-wave ﬁlters
of the human eye (e.g., the MP) will improve visibility of distant
targets by absorbing blue haze more than an object. When theymodeled this effect, higher MP density increased visual range by
as much as 30%. In this study, this prediction was tested. This
was done by measuring contrast sensitivity at 8 cycles/deg in the
presence of simulated blue haze while simultaneously altering
MPOD using an artiﬁcial MP ﬁlter. Increases in ﬁltering by the
MP ﬁlter did improve contrast thresholds (an average of 25%) for
all of our ﬁve subjects with relatively modest increases in ﬁlter
density (up to 0.50). After that point, the effect on visibility in sim-
ulated blue haze conditions was more variable and not consistent
across subjects. These data are consistent with the predictions of
the Visibility hypothesis. We are currently testing whether supple-
menting subjects with L and Z over a 6-month period will lead to
similar improvements.
Isoluminant edges (i.e., edges deﬁned only by chromatic differ-
ences) are common in natural scenes (e.g., Hansen & Gegenfurtner,
2009) and when viewing objects at a distance since the distance
itself tends to equalize differences in luminance that would
otherwise have demarcated an edge if the object was closer. Any
blue-absorbing colored ﬁlter, either external (e.g., spectacle lenses)
or internal (yellow intraocular implants; Hammond, Bernstein, &
Dong, 2009; Hammond et al., 2010), would be predicted to im-
prove visual range by absorbing the haze degrades the image. Both
Luria (1972) and Wolffsohn et al. (2000) have shown that yellow
lenses increase chromatic contrast and target detection by selec-
tive reduction of short-wave dominant backgrounds. Even subtle
differential chromatic ﬁltering can create enough of a luminance
border that perceived edges will be enhanced due to brightness
induction (e.g., Walraven, 1973). Walls and Judd (1933) originally
argued that yellow intraocular ﬁlters are common in nature be-
cause they enhance vision under numerous ecological circum-
stances, such as seeing in the distance.
The Visibility hypothesis is obviously based on scattering out-
side of the eye (that is then projected with the image to the plane
of the retina). Fundamentally, however, the effect (whether inside
or outside of the eye) is still based on absorbing scattered light. In-
tense light projected into the eye will also scatter in the anterior
media causing glare disability and discomfort and MP (and yellow
intraocular ﬁlters: Hammond, Bernstein, & Dong, 2009; Hammond
et al., 2010) has been shown in numerous studies to reduce prob-
lems associated with glare (e.g., Stringham & Hammond, 2007;
Stringham et al., 2008).
One general conclusion that can be drawn from the many
hypotheses explaining MP function is that it is likely multifunc-
tional. Many variables in biology serve multiple purposes (take,
for instance, neurotransmitters like dopamine which help medi-
ate both emotional processing in the limbic system and gross
motor function within the basal ganglia). The optical ﬁltering ef-
fects, however, are likely the most signiﬁcant from a natural
selection point of view. Increasing visual range, reducing glare
disability at critical moments, etc. may be the very reasons that
we evolved mechanisms for accumulating L and Z within the
retina.Acknowledgments
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